Abstract. In this study, powder processing and severe plastic deformation (SPD) approaches were combined in order to achieve both full density and good particle-matrix bonding in CNT and Cu powder mixtures without grain growth, which was considered as a bottle neck of the bottom-up method in the conventional powder metallurgy of compaction and sintering. Equal channel angular pressing (ECAP), one of the most promising methods in SPD, was used for the powder consolidation. The powder ECAP processing with 1, 2, 4 and 8 passes was conducted at room temperature. It was found by microhardness tests and microstructure characterization that relatively high mechanical strength could be effectively achieved as a result of the well bonded powder contact surface during powder ECAP. The SPD processing of powders is a viable method to achieve both fully density and good particle bonding in CNT-metal matrix nanocomposites.
Introduction
Carbon nanotubes (CNTs) [1, 2] have been the subject of intensive studies in the field of nanotechnologies in recent years due to their superior mechanical, electric, optical and electronic properties. Because of their exceptionally small diameters and low weight as well as their high Young's modulus, tensile strength and high elongation in addition to a high chemical stability, CNTs are attractive ideal reinforcement materials for light weight and high strength metal matrix composite (MMC) materials. Although extensive research has been performed on their electrical, mechanical and functional properties [3] [4] , there are not many successful results on the manufacturing processes and the mechanical properties of CNT dispersed metal matrix nanocomposites. At present bottlenecks for CNT/metal composites are difficulties in composite powder densification and in bonding between metallic matrix and CNT particles, which could not be solved by conventional powder metallurgy methods, such as compaction-sintering or pressureassisted densification.
In recent years, severe plastic deformation (SPD) processing has been developed as a new method of manufacturing bulk specimens having ultrafine/nanocrystalline grained structures [5] [6] [7] [8] [9] [10] . Materials processed by SPD show not only unique physical and mechanical properties inherent in various ultrafine grained materials, such as high strength and superplasticity, but also a number of advantages, such as less grain growth and contamination, over nanostructured materials manufactured by other methods through powder processing. Among various SPD methods, equal channel angular pressing (ECAP) is a promising method that involves large shear plastic deformation in a deforming layer of a workpiece. This processing is achieved by moving through a die containing two intersecting channels of identical cross-sections that meet at a predetermined angle, see Fig. 1 . Although numerous studies have dealt with ECAP of many pure metals and alloys [5] , no studies on ECAP of CNT-MMCs starting from powder mixtures have been reported, as far as the authors know. The present authors envisage that ECAP would be effective in matrix grain refinements as well as enhancing matrix-particle bonding.
In this paper we investigated the powder ECAP processing and mechanical properties powder ECAP processed CNT-copper MMCs. Characterizations were performed using microstructural examinations and mechanical testing. 
Experimental Procedure
Atomized commercial purity copper powders of 2-3 µm in diameter produced by Changsung Co. were used for a matrix material. Multi-wall CNTs manufactured by Iljin Nanotech Co. using an arc discharge method were used for a reinforcement. The CNTs exist in the shape of bundles having 10 nm in diameter and 20 µm in length. Copper powders and 5 vol % of CNT were mixed in ethanol, vibration treated for 1 hr with an ultrasonic cleaner to separate agglomerated powder and to help homogeneous mixing, dried at 50 o C to remove ethanol and inserted into a copper sheath of 6 mm x 6 mm x 50 mm, shown in Fig. 2 .
The copper sheath containing powder mixtures were finally cold ECAP processed. The die parameters used in ECAP, viz. the channel angle (θ c = 90°), the outer corner angle (θ o = 0°), and the inner corner angle (θ I = 0°), yield a maximum von Mises effective strain of 1.155 for a single pass, which decreases with increasing strain hardening coefficient. ECAP processing was conducted up to eight passes at room temperature, following Route C [5] . The pressing speed was 0.03 mm/s, which is slow enough to maintain the temperature rise during ECAP at less than several K. A mixture of MoS 2 powder and commercial oil was used for lubrication between the workpiece and the channel surfaces. Some ECAP operations were stopped to examine the behavior of the powder particles and workpieces via optical microscopy during the course of the deformation.
The ECAP processed samples were examined using JSM 5410 scanning electron microscopy (SEM) with the attachment of an X-ray energy dispersive system. SEM specimens were heavily etched and covered with a gold layer. The Vickers microhardness was measured by applying a load of 100 g force for 10 sec and taking an average over 8 separate measurements.
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Experimental Mechanics in Nano and Biotechnology Results and Discussion Figure 3 shows the scanning electron micrographs of the powder ECAP processed CNT-copper samples by various repeating passes. No defects such as cracks or blisters were found on the surface of the ECAP processed billets. Relative density values of the processed CNT-copper composites measured by the Archimedean method after ECAP of 1, 4 and 8 passes are 68%, 80% and over 95%, respectively, meaning high pressure is effective for densification of CNT-copper composite powders.
Agglomerates of CNTs and pores were found in many places by EDX analyses after 1 pass, and the separations of the CNT agglomerates and the homogeneous distribution of CNTs were achieved with the number of ECAP passes. The grain size of the copper matrix decreases mainly during the first two ECAP passes and is almost steady during further processes, similar to the saturating strain hardening behavior in general ECAP data not shown here. The decreases in matrix grain size and inter particle spacing increase strength and strain hardening of the composite by decreasing dislocation mean free paths. / Figure 4 shows the effect of ECAP on the strengthening of the composites. The hardness of the ECAP processed samples are more than twice of the initial copper powders, due to a combined effect of matrix strengthening, densification and CNT particle strengthening. It should be noted that with the number of ECAP passes, hardness increases and hardness variations with measured position decreases (28 HV and 9 HV in 1 passed and 8 passed samples, respectively); the latter result implies that ECAP enhances spatial homogenization of the composites. 
Summary
CNT-copper powder mixtures were processed by room temperature ECAP up to 8 passes using Route C to achieve densification and sound bulk formation without grain growth. It was found by microhardness tests and microstructure characterization that effective densification, homogeneous microstructure and high mechanical strength could be achieved effectively as a result of the severe plastic deformation of ECAP and the well bonded powder contact surface during powder ECAP. The SPD processing of powders is a viable method to achieve both fully density and good particle bonding in CNT/metal composites. The effects of CNT-matrix interface and CNT alignment will be the focus of our future work.
